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ABSTRACT A procedure has been developed for isolating and negatively staining vertebrate skeletal 
muscle thick filaments that preserves the arrangement of the myosin crossbridges. Electron micro- 
graphs of these filaments showed a clear periodicity associated with crossbridges with an axial repeat 
of 42.9 nm. Optical diffraction patterns of these images showed clear layer lines and were qualitatively 
similar to published x-ray diffraction patterns, except that the 1/14.3-nm meridional reflection was 
somewhat weaker. Computer image analysis of negatively stained images of these filaments has 
enabled the number of strands to be established unequivocally. Both reconstructed images from layer 
line data and analysis of the phases of the inner maxima of the first layer line are consistent only with 
a three-stranded structure and cannot be reconciled with either two- or four-stranded models. 

Vertebrate skeletal muscle thick filaments are bipolar assem- 
blies of  myosin molecules together with small quantities of 
accessory proteins (2, 8). The rodlike myosin tails constitute 
the filament backbone, while the globular myosin heads lie on 
the surface (8). During contraction, the heads form crossbridges 
with actin in the thin filaments, producing a relative sliding of 
the two interdigltating filament arrays and so generate tension 
(7, 10). 

An understanding at the molecular level of  how tension is 
generated requires a knowledge of the arrangement and num- 
ber of  myosin heads along the filament. X-ray diffraction 
studies (6, 9) have established that the myosin heads in verte- 
brate skeletal muscle thick fdaments are arranged approxi- 
mately helically with an axial repeat of  42.9 nm and with the 
myosin heads spaced axially by ~14.3 rim. The number of 
strands in this structure (or the number of  myosin heads 
occurring axially every 14.3 rim) has not been definitively 
established. Either two-, three-, or four-stranded structures 
appear to be consistent with the x-ray data, although three- 
stranded structures are thought to be the most likely (6, 21). 
Biochemical studies suggest, similarly, that there are either 
three or four myosin heads per 14.3 nm (17, 19, 24). Quanti- 
tative mass measurements by electron microscopy favor three 
myosin heads per 14.3 nm, but cannot completely exclude two 
or four myosin heads (15, 20). 

It should ideally be possible to determine the number of 
strands directly by electron microscopy. However, previous 
studies have encountered difficulties in preserving the ordered 
structure of  the crossbridges during filament isolation and 
staining (2, 4, 21). We have recently devised conditions that 
enabled the isolation of thick filaments from several inverte- 
brates (Limulus, tarantula, scorpion) with the crossbridge ar- 
rangement largely intact (11-13, 16). We have now applied 

these methods to frog muscle and report here the isolation of 
these thick fdaments with the ordering of their heads substan- 
tially preserved. Analysis of electron micrographs of these 
filaments by both optical and computer methods has enabled 
us to establish unequivocally that frog skeletal muscle thick 
filaments are three-stranded. 

MATERIALS AND METHODS 

Thick filaments were isolated from whole thigh muscles of  the frog (Ranapipiens) 
by a modification of the Hardwicke and Hanson technique (5) similar to that 
previously used to isolate Limulus filaments (11). 3-5-ram diameter bundles were 
quickly snipped from pithed animals and immediately immersed in a relaxing 
solution containing 0.1 M NaCI, 2 mM EGTA, 1 mM dithiothreitol, 5 mM 
MgC12, 2.5 mM ATP, and 7 mM phosphate buffer (pH 7.2) at 4°C. This 
temperature was maintained during subsequent steps. After 2-5 h the bundles, 
were changed into fresh solution and left overnight. A bundle was then freely 
minced with a razor blade and homogenized in relaxing solution in which NaC1 
was replaced with KCL Homogenization was carried out on ice with two 15-s 
bursts (separated by 30 s) at setting 3 of  a Sorvall Omnimixer using a 5-ml 
minicup. The homogenate was diluted with relaxing solution to 15 ml and 
centrifuged at 3,000 g for 10 rain. Separated thick filaments remained in the 
supernatant and were directly adsorbed onto grids coated with a thin (~5-7 Jam) 
carbon film supported on a perforated formvar t'dm and negatively stained with 
1% uranyl acetate as described previously (11). Grids were not glow-discharged. 
Platinum and platinum-carbon shadowing of fdaments at an  angle of ~30 ° was 
performed as described previously (12). Preparations were examined in a Philips 
EM 300 electron microscope at 80 kV with an anticontamination device in use. 
Magnification was calibrated by using catalase crystals (26) or tropomyosin 
tactoids (1). Micrographs were examined by eye to select areas in which the 
t-daments appeared to be straight and uncontaminated by debris and these 
filaments were examined by optical diffraction as described previously (11). 

Computer  image processing was performed using essentially the same Fourier- 
based methods used to examine Limulus thick filaments (23). These methods and 
their general theoretical basis have been reviewed elsewhere (3). Briefly, filaments 
that showed a clear first layer line at 43 nm -1 and a meridional reflection at 14.3 
nm-  were digitized at intervals corresponding to ~1 nm on the original object, 
and the required area was windowed off. After reducing average edge density to 
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zero and inserting a Ganssian edge apodization (corresponding to a variance of 
3 nm), the matrix was embedded into a 256 x 512 array of  zeros and its Fourier 
transform was computed. When necessary, a new image density raster was 
interpolated from the original data to ensure that the layer lines in the Fourier 

transform were parallel to the sampling raster and that the layer tines lay on 
raster lines rather than between them. Reconstructed images were produced by 
Fourier inversion. Phase origins were initially taken at the center of  the particle 
and then re£med so that the mean amplitude-weighted phase difference between 

FIGURE 1 a-  c Electron micrographs of frog thick filaments negatively stained with 1% uranyl acetate. An axial periodicity can be 
seen by sighting along the filament axes (a-c) ,  while helical stripes can be seen by sighting along the white arrowheads in a and 
b. Arrows in b and c indicate crossbridges projecting axially from the filament backbone every ~43 nm. The region between 
asterisks in a is typical of the regions examined by optical diffraction. Bar, 0.1 #m. × 125,500. d - g  Optical diffraction patterns 
obtained from filaments such as those shown in a-c. The patterns show a clear series of layer lines indexing on a 43-nm repeat. 
There is a clear meridional reflection on the third layer line and there are also meridional reflections on layer lines 2, 5, 8, and 11 
that would not be expected if the filament were completely helical. 

1798 RAPID COMMUNICATIONS 



corresponding points on the equator was zero and between corresponding points 
on the in'st layer line either zero or 180 ° (whichever was closer). No assumptions 
were made about the number of strands. 

RESULTS 

Appearance of Frog Thick Filaments in 
Electron Micrographs 

The filament isolation procedure described above yielded 
populations of  frog thick filaments that were uniform in length 
(1.53 ± 0.05/an S D , ,  ffi 24), with ordered arrays of  cross- 
bridges. Even on low magnification electron micrographs, neg- 
atively stained fdaments showed a clear periodicity along their 
length, except for a central bare zone that was 149 ± 13 nm 
(SD, n ffi 19) long. At higher magnifications (Fig. 1, a-c) the 
periodic arrangement of  crossbridges can be seen more clearly 
by tilting the micrographs and looking along the length of  a 
filament, while the helical striping of  the filaments can be seen 
by viewing from an angle (along the white arrows in Fig. 1, a 
and b). Crossbridges normally seemed to be closely apposed to 
the filament backbone and only slightly tilted from the filament 
axis, although they were sometimes seen projecting away from 
the filament (Fig. 1, b and c). The maximum filament diameter 
measured in the crossbridge region averaged 29.1 ± 2.1 nm 
(SD,  n -- 475), whereas the diameter at the bare zone averaged 
15.8 ± 1 n m  (SD,  n -- 55). If  one takes the diameter of the bare 
zone as indicative of the diameter of  the shaft of the thick 
filament, then this would imply that the crossbridges extended 
~7 nm from the surface of  the shaft and were probably centered 
at a radius of  -11.2 urn. This is in good agreement with 
previous estimates based on x-ray diffraction data (6). "End 
ftlaments" very similar to those seen in rabbit thick filaments 
(25) could often be seen at the tips of  filaments (Fig. 1, a and 
b). Dr. R. Craig (personal communication) has also seen these 
structures in frog thick filaments. The end filaments observed 
here had a distinct cross striation of  4.3 ± 0.12 nm (SD, n ffi 
22) similar tO that observed in rabbit (25). 

Frog thick filaments showed a clear, right-handed, approxi- 
mately helical arrangement of cross bridges when shadowed 
with either platinum or platinum-carbon after being first rinsed 
briefly with uranyl acetate (Fig. 2). Filaments appeared rope- 
like with strands l i m n i n g  diagonally across them at intervals of 
-43  nm. This ropelike structure extended uniformly across 
both arms of the fdaments but was absent along the bare zone, 
which is consistent with the interpretation that these strands 
corresponded to the paths followed by the crossbridges. 

Optical Diffraction Analysis 
Many electron micrographs of negatively stained frog thick 

filaments gave clear optical diffraction patterns (Fig. 1, d-g) 
similar to those obtained by x-ray diffraction (6, 9) from frog 
muscle. In well preserved specimens, a series of layer lines, 
indexing on a 42.9-nm repeat, typically extended to at least the 
6th layer line and frequently to the 1 lth layer line (Table I). 
The inner maxima of the first layer line were always much 
stronger than the other layer lines in the pattern, which paral- 
leled the distribution of  intensity seen in x-ray diffraction 
patterns (6). The intensity of  the second maximum on the first 
layer line was variable and was often different in intensity on 
opposite sides of  the layer line. A meridional reflection on the 
third layer line was consistently present although somewhat 
weaker than the corresponding reflection in x-ray diffraction 
patterns (6, 9). Subsidiary maxima were frequently observed 

along the third layer line. Additional meridional reflections, 
not expected if the structure was entirely helical, were often 
present on the 2rid, 5th, 8th, and 1 lth layer lines and, less 
frequently, on the 4th, 7th, and 10th layer lines (Fig. 1, d-g). 
A similar pattern of  so-called "forbidden" meridional reflec- 
tions is also seen in x-ray diffraction patterns from frog muscle 
(9, 27) and in optical transforms of  cryosectioned human 
muscle (22) and indicates some departure from strict helical 
symmetry. 

FIGURE 2 Electron micro- 
graphs of filaments unidi- 
rectionally shadowed with 
platinum (a) and plati- 
num-carbon (b) after 
washing with uranyl ace- 
tate. The approximately 
helical strands are right- 
handed and can be most 
clearly seen by sighting 
along the filament axes. 
Bar, 0.15/zm. X 75,200. 

TABLE I 

Layer Line Spacings in Optical Diffraction Patterns ° 

Layer line Spacing 

Deviation of 
mean value 

Number of from 42.9 
observations nm/L 

(L) mean ± 5D 96 

1 42.8 :I: 0.6 25 0.2 

2 21.6 + 0.2 25 0.3 

3 14.3 25 -- 

4 10.7 + 0.1 25 0.2 

5 8.6 :I: 0.1 23 0.2 

6 7.2 :I: 0.1 20 0.2 

7 6.2 + 0.1 16 1.1 
8 5.4 '+ 0.1 18 0.7 
9 4.8 ± 0.1 10 0.6 

10 4.3 ± 0.03 6 0.2 
11 3.9 =1:0.03 16 0 

* Normalized by taking the spacing of the third layer line meridional reflection 
as 1/14.3 nm -~ 
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The inner maxima on the first, second, fourth, and fifth layer 
lines were all found at a radial spacing of he-h7 nm -~ (Table 
II), which was reasonably close to the radial spacing of  ~~o 
nm -~ estimated from x-ray data (6, 9). One can estimate the 
number of  strands (N) from the position of these inner maxima, 
since they will all derive from Bessel functions of  order N. 
Helical diffraction theory (14) indicates that the radial position 
of  the maximum (R) depends on both N a n d  the radial position 
of  the center of  mass of  the crossbridge (r). I f  one takes r as 
11.2 nm (i.e., midway between the radius of the filament shaft 
and the maximum filament radius seen in the crossbridge 
region) and R as ~47 nm -~, then 2 ~ R  ffi 4.0. This is close to the 
value expected (4.2) for a Js Bessel function, which would 
correspond to a three-stranded structure, whereas values of 3.1 
and 5.3 would be expected for two- and four-stranded struc- 
tures. However, this calculation is only approximate and it is 
not possible to nile out two- or four- stranded structures on 
this basis alone. 

C o m p u t e r  I m a g e  P r o c e s s i n g  

Additional evidence for a three-stranded structure was ob- 
tained by computer image processing. Individual crossbridges 
on the filament surface were not sufficiently clear in the originsd 
micrographs to enable an unequivocal assignment to be made. 
Although one could make out some crossbridges quite clearly, 
others were obscured by image noise or disorder or were made 
difficult to see by the density associated with the filament 
backbone. To circumvent these problems, images were recon- 
structed using all the data on the first six layer lines. The 
contribution from the equator was also omitted, and this had 
the effect mainly of removing the density associated with the 
filament backbone, making it easier to identify individual 
crossbridges. There was no masking of  data across layer lines, 
so this operation strictly involved only the assumption that the 
structure was repeated axially every 43 rim. Neither a 3N-fold 
screw axis nor even helical symmetry was assumed and abso- 
lutely no assumptions about the number of  strands were im- 
plicit in this reconstruction. 

Fig. 3 shows reconstructed images from six filaments. In 
each filament, three approximately helical tracks can be made 
out, although the individual subunits along each track were not 
always completely resolved. The filament in Fig. 3 a showed 
mainly one side of the filament, presumably as a result of 
uneven negative staining, and this enabled the helical paths to 
be made out most clearly as there was then little interference 
from the other side of the filament. The remainder of  the 
filaments shown in Fig. 3 had approximately equal contribu- 
tions from both sides of  the filament. Although there was some 
superposition of patterns from the top and bottom of  the 
structure, it was still quite easy to trace three helical paths in 
these images. One cannot reasonably draw either two or four 

TABLE II 

Radial Spacing of Inner Layer Line Maxima in Optical 
Diffraction Patterns 

Radial position Number of 
Layer line of maximum observations 

(L) nrn -~ + 5D 

1 17.7 ± 2.0 50 
2 17.8 ± 2.3 48 
4 17.4 ± 2.2 35 
5 16.5 + 1.8 24 
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FIGURE 3 Reconstructed thick filament images using the first six 
layer lines and omitting the equator. In each image, three approxi- 
mately helical tracks can be drawn. Only positive contours, corre- 
sponding to areas of high protein density, are shown. Bar, 50 nm. 

helical tracks through the data in Fig. 3 and, furthermore, the 
images strikingly lack the mirror symmetry that would be 
required if the number of  strands were even. A similar lack of 
mirror symmetry was also apparent in the micrographs (Fig. 
1). 

Confirmation of the three-stranded structure was obtained 
from an examination of  the computed Fourier transforms of 
these particles. Helical diffraction theory (14) and also a more 
general formulation in terms of cylindrical diffraction (which 
takes account of  departures from helical symmetry) requires 
that the inner maxima on the first layer line be sums of Bessel 
functions of  order N, where N is the number of helical strands. 
Provided the phase origin is located on the helical axis, the 
phase difference between the reflections on the opposite sides 
of the layer line will ideally be N x 180 °. Thus, the phase 
difference between opposing maxima would be zero if  the 
number of helical strands were even, and 180 ° if  the number 
were odd. Fig. 4 shows the amplitude and phase data on the 
first layer line from a single filament and clearly the inner 
maxima are close to 180 ° out of phase. For the six particles 
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FIGURE 4 Amplitude and phase data across the first layer line from 
the computed Fourier transform of a single thick filament. The inner 
maxima are clearly close to 180 ° out of phase. 

examined, the phase differences of  the opposing inner maxima 
on the first layer line were 152, 161, 166, 169, 174, and 178 ° . 
This was only consistent with a three-stranded helix and defin- 
itively excluded two- and four-stranded structures. 

DISCUSSION 

The results presented here demonstrate that we have isolated 
negatively stained thick fdaments from frog skeletal muscle in 
which the approximately helical arrangement of  the cross- 
bridges has been largely preserved. The optical diffraction 
patterns from electron micrographs of these fdaments generally 
resembled those obtained by low-angle x-ray diffraction of 
living, whole relaxed muscle (6, 9). Both optical and x-ray 
diffraction patterns show a similar series of layer lines indexing 
on a 42.9-um repeat. In x-ray diffraction patterns, these layer 
lines have been interpreted as arising from the approximately 
helical arrangement of  the myosin crossbridges (9). In addition, 
the optical diffraction patterns show the "forbidden" meridio- 
nal reflections seen in x-ray data. The intensity of  the 14.3-urn 
meridional reflection on the third layer line was consistently 
weaker in our patterns than has been observed in x-ray pat- 
terns. It is extremely unlikely that this indicates that the number 
of  strands had changed during fdament preparation, but in- 
stead it may reflect a change in crossbridge orientation so that 
the projected axial density modulation per 14.3 um is reduced 
or may derive from lattice sampling in x-ray patterns (Dr. H. 
E. Huxley, personal communication). Thus, the overall simi- 
larity of  the x-ray and optical diffraction patterns indicated 
that the native order of  the myosin crossbridges had been 
largely preserved during fdament isolation and staining and so 
the appearance of the fdaments in the micrographs reflected 
their structure in situ reasonably well. 

The degree of  preservation of  the ordered structure of  the 
erossbridges in these frog thick fdaments was sufficient to 
enable us to establish unequivocally that frog thick fdaments 
are three-stranded. Although initially two-stranded models 
were proposed for vertebrate skeletal muscle thick ftlaments 
(9, 18), recent interpretations of  x-ray data have suggested that 

more likely there are three strands in the structure (6, 21). This 
would be consistent with biochemical studies that indicated 
either three or four myosin molecules per 14.3 nm (17, 19, 24) 
and with mass measurements made by scznning transmission 
electron microscopy (15, 20), which were most consistent with 
three myosins per 14.3 rim. 

It has recently been proposed that the forbidden meridional 
reflections may derive from a fluctuation in the axial position 
of  the crossbridges (22, 27). The general appearance of  the 
translationally averaged images (Fig. 3) is certainly consistent 
with this idea: one obtains the distinct impression that two 
successive 14.3-rim levels are closely grouped together and 
separated more widely from the remaining level in the 42.9- 
nm repeat. Furthermore, the crossbridges in this remaining 
level appear to be more dense, possibly reflecting the presence 
of C-protein. However, confirmation of  these points will have 
to await more extensive analysis. 

This study has only determined the number of approximately 
helical strands and thus the number of  crossbridges per 14.3 
nm in frog thick fdaments. The interaction between Bessel 
functions of  orders 3 and 6 on layer lines 1 and 2, combined 
with the small but undoubted departure from helical symmetry 
implied by the forbidden meridional reflections, makes it dif- 
ficult to produce one-sided images or three-dimensional recon- 
structions. More detailed information of shape will have to 
await decomposition of the Fourier transform, which will 
require analysis of  tilt series. Finally, we stress that, while our 
data have established the number of strands in these fdaments, 
it does not give any information regarding the packing of  the 
myosin tails into the filament shaft. To conclude from our data 
that the tails were arranged in an approximately helical manner 
similar to that of  the heads would not be justified, and we 
caution readers that our results should not be used to attempt 
to decide between competing models of  backbone structure. 
There is some substructure present in the shaft region on some 
of  our micrographs, and we are analyzing these images to see 
whether any reliable data regarding packing can be obtained. 
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